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Medicine, Boston, MA, U.S.A. 
The mechanism of the antifungal action of the imid-
azole antimycotics, miconazole ano clotrimazole, on Sac-
charomyces cerevisiae was explored. When grown aero-
bically both drugs were fungistatic at low concentrations 
and fungicidal at high concentrations_ When grown an-
aerobically the fungistatic effect was not seen, but killing 
still occurred at high concentrations_ The fungistatic 
effect correlated with inhibition of ergosterol synth esis 
and elevated lanosterol/ergosterol ratios in the orga-
nisms, The fungicidal effect involve d rapid membrane 
damage and was unrelated to the imidazole -induced 
block in ergosterol synthesis. These agents each h ave 2 
distinct antifungal actions_ 
E arly studies with the imidazole antifungals sh owed prompt 
leakage of intracellular contents from susceptible organisms 
suggesting that cell membranes wer e th e locus of the antimi-
crobia l effect [1 ,2]. Several groups of investigators [3- 5] have 
presented convincing data that at low concentrations th e im-
idazole a nt ifungal agents block e rgosterol biosynthesis by in-
hibiting C-14 dem ethylation with accumulation of methylated 
intermediates such as la nosterol. They suggest th at this inhi-
bition of ergosterol biosynthesis is a ntifungal because of a 
specific r equirem ent of the fungal m embra ne fOl" ergosterol [6] 
or because accululatioo of a -methylated intermediates such as 
lanoste.rol cause membrane da m age [7]. 
Studies by Yamagu chi and Iwata [8] and from our la boratory 
[9] using liposom e model m embranes suggested a noth er mech -
a nism of action . The imidazoles caused disruption of liposomes 
composed of phospholipids conta ining unsaturated fatty acids 
[8]; liposomes containing unsatura ted free fatty acids were 
especially susceptible [9, 10]. If t his effect on liposomes is 
related to antifungal action, anoth er m echanism beside in-
hibited ergosterol synth esis must be operative. The observation 
that many gram-positive bacteria, organism s without mem-
bra ne sterols, are effected by t he imidazoles also suggest a n 
a ntimicrobia l effe ct of these agen ts not involving a block in 
sterol biosynthesis. 
The experiments reported h erein were designed to clarify th e 
operative antifu ngal mech anism(s) of the imidazoles. D esign of 
the experiments and interpretation of the data were based on 
the foll owing observations. CYclization of squalene, a n early 
step i n sterol biosynthesis, does not occur under a naerobic 
conditions [6]. Under anaerobic conditions Saccharomyces cer-
evisiae will grow only if ergosterol a nd a n unsaturated fatty 
acid are incorporated ihto the m edium [6,11]. A fungicidal 
action on S. cerevisiae can be monitored directly by observing 
.the permeability of the organisms to m ethylene blue [12]. 
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Two independent effects of the imidazoles on t h e yeast wer e 
defined. At low concentrations of imidazoles there was a fun-
gistatic action which required growth and correlated with in-
creasing cellular lanosterol/ergosterol ratios. At high er imidaz-
ole concentra tions there was a fungicidal action which occurred 
within minutes, did not r equire growth and was independent of 
lanosterol accum ulation or ergosterol deple tion. 
METHODS 
Growth Experiments 
S. cerevisiae, ATCC #287, was grown in broth conta ining Bacto-
Tryptone (1 %), Bacto-Yeast Extract (0.5%), NaCI (0.15%) and dextrose 
(2%). For anaerobic cultures, the broth was supplemented with ergos-
terol (20 f!g/ml) and Tween-80 (10 f!g/ml). The latter is both an 
emu lsifier and a source of oleic acid. All incubations were done at 34 °C. 
Aerobic growth was obtained by shaking cul tm es in a reciprocating 
water bath shaker. For anaerobic growth conditions, an anaerobic 
chamber (Coy Laboratory Products, Model 12190) was used, the at-
mosphere in the chamber consisting of 10% H1, 5% CO2 and 85% N2• 
After sterilization, the broth was sparged with N2 (99.999%) for 2 hl" 
before being placed inside the chamber. EJ'gosterol and Tween-80 were 
then added as required. The yeast was adapted to grow anaerobically 
by subculturing anaerobically over a period of several days. The orga-
nisms were grown in fl asks or test tubes without shaking. T o test for 
anaerobiasis, the fungi were also inoculated in to ergosterol free broth; 
start ing from a subturbid inoculum, the absence of turb idi ty after 
incubat ion {or the dura tion of the experiment was taken as confiJ"lnation 
of rigid anaerobic conditions. 
Minimum inhibi tory concentrations (MIC) were determined under 
aerobic and anaerobic conditions by taking 1. ml a liquots of broth 
containing serial 2-fold dilu tions of drugs. These were inoculated with 
10" cells/ml and incubated for 24 hr. MIC's were recorded as the lowest 
concentration causing inhibi tion of growth as judged by the absence of 
turbidity. 
M ethy lene Blue Uptalle 
Aerobically growing cells were transferred to fi'esh medium to give 
a cell densit.y of 10" cells/ml. The cul ture was distributed in to flasks 
containing various amou nts of imidazole. Incubation was continued and 
samples for determination of methylene blue uptake were taken fre-
quently and processed as follows. Cul tures (0. 1 ml) were mixed with 25 
f!l of aqueous methylene blue solution. The final concentration of the 
dye was 185 f!g/m l. Wet mounts of suspensions were examined micro-
scopica lly after 5 min exposu re to the dye and the number of uniformly 
stained and unstained cells was counted; 200 ce lls were counted. Prelim-
inary experiment showed that dead cells, killed either by boiling for 5 
min or by exposure to form aldehyde (final conc. 1%), were 100% stained 
whereas cells from growing cultures were not (2% or less background 
staining). 
Cell numbers were also determined by direct par ticle coun ting in a 
Petroff-Hausser chamber. This method correlated we.1I with viable 
counts done by standard dilution and plating techniques. We were 
suspect of the validity of taking anaerobic samples and doing plat.e 
counting aerobically since bound imidazole theoretically could block 
viable organisms from fo rming colonies. 
Sterol Composition 
Sterol composition was determined under aerobic and anaerobic 
growth. Flasks cont.a ining 50 ml of broth (with ergosterol and Tween-
80 in aLI cases) with various concentrations of imidazoles were inocu-
lated at a ceJJ density of 10" ceJJs/ml and then incuba ted aerobically or 
anaerobically for 24 hr. Cul tures showing turbidity were processed 
fur ther. Samples were taken for particle counting and for methylene 
blue uptake. Trichloroacetic ac id (TCA) was added to the remaining 
cul tures to a final concentration of 5%; in the case of anaerobic cultures, 
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the TCA was added inside the anaerobic chamber. This precaution was 
found essential \'0 prevent a burst of sterol synthesis on air exposure. 
The flasks were placed on ice for 30 min. The cells were centrifuged 
and washed 6 times with distilled water containing 20 I-'g/ ml of Tween-
80 to remove any ambiant sterol. The cell pellets were transferred to 
screw-capped tubes fitted with Tenon liners and then saponified under 
nitrogen with 20% solu tion of KOH in 50% aqueous methanol at 100°C 
for 2 hr. The cooled mixtw'es were extracted 3 times with petroleum 
eth er (b.p. 20-60°C) and the extracts dried under nitrogen. T he residues 
were dissolved in small volumes of chloroform and stored in the cold 
unde r ni trogen. Sterols were analyzed by gas-liquid chromatography 
(GLC) using a Schimadzu GC-6A chromatograph eq uipped with a 
flame-ionization detector. A glass column (6 ft) packed with 3% SE-30 
was u sed at a temperature of 255°C. The carrier gas was ni trogen with 
a flow rate of 20 ml/min . Sterols were identified by comparison of 
retention times of peaks with those obtained from standards. Areas 
under the peaks were determined by triangulation. 
Chelnicals 
M iconazole ni trate (MCN) and clotrimazole (CTM) were gifts fro m 
Johnson and Johnson, Inc. and Delbay Pharmaceuticals, Inc., respec-
t ively. Standard solu tions of these dJ'ugs were made in dimethylsulf-
oxide. Sterols were purchased from Sigma Chemical Co., and used 
with out fUl'ther pUl'ification. 
RESULTS 
MIC determinations done under t he standard condi t ions 
described showed a substantial decrease in the imidazole sen-
sitivity of S. cerevisiae under anaerobic conditions. The MIC 
for ll1.iconazole was increased 64-fold by anaerobiasis; for clotri-
mazole the increase was 32-fold (Table I) . Miconazole was the 
more potent drug under these conditions. A prominent inocu-
lull1. effect was observed when testing imidazole sensit ivities 
[13]. H ence, it is important to standardize the inoculum size 
carefully when doing comparative studies. 
The organisms were grown aerobically in the presence of 
varying concentrations of i.midazoles and , in cultures showing 
visible growth , the cellular sterols were extracted and defined 
by G LC. Fig 1 shows the GLC profiles of sterols of control cells 
(Fig lA) a nd of cells which grew at the highest concentrations 
of MCN (Fig IE) and CTM (Fig I e). In control cells, th e major 
sterol was ergosterol; lanosterol was present as a minor com-
ponent. However, at the high imidazole concentrations, cellular 
lanosterol conten t was increased markedly. The lanosterol! 
ergosterol ratios in organisms grown in the presence of various 
concentrations of imidazoles are shown in Table II. In control 
celis, t h e ratio was about 0.1. At 1 X 10- 0 M MCN, the ratio 
began to increase and achieved a maximum of 1.15 at 3 X 10- 8 
M MCN. At the next high er concentration ofMCN tested , there 
was no growth. With CTM, the ratio increased dramatically 
between 1 X 10- 8 M and 3 X 10- 8 M reaching a peak of 1.56 at 
1 X 10- 7 M concentration; higher levels of CTM tested did not 
allow growth . Again, th e greater sensitivity of the S. cerevisiae 
strain to M CN than to CTM was observed. 
S imilar studies of sterol composition of the yeast as a function 
of ill1.idazole concentration were also performed in strict anaer-
obic condi tions in the presence of exogenous ergosterol and 
Tween-BO. The highest concentrations of imidazoles allowing 
growth were 1 X 10- 6 M for MCN and 1 X 10- 5 M for CTM, 
respectively. At all concentrations ofin1idazoles allowing visible 
growth , the only cellular sterol present was ergosterol; lanos-
terol was not detected in these cells or in the control cells (Fig 
TABLE I. Minim.um. inhibitory concentrations (MIGs) of micona.zole 
nitrate (MGN) and clotrimazole (GTM) for S. cerevisiae 
Growth condi tion 
Aerobic 
Anaerobic 
Imidazo le concentration 
(I'g/ ml. M) 
MCN 
0.097, 2.0 X 10- 7 
6.25, 1.3 X 10-:' 
CTM 
0.39, 1.1 X 10-" 
12.5, 3.6 x 10-" 
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FIG 1. Gas-liquid chromatograms of sterols of S. cerevisiae grown 
aerobically in presence of imidazoles. A , control; B, 3 X 10-8 M micon-
azole ni trate; G, 1 X 10- 7 M clotrimazole. Peaks: 1, squalene; 2, ergos-
terol; 3, zymosterol; 4, lanostero l. 
TABLE II. Effect of im.idazoles 011 lanosterol/ ergosterol ratio of S. 
cerevis iaeO 
Lanosterol/ergosterol' 
Imidazole cone (M) 
MCN CTM 
0 0.09 0.10 
1 x 10- 11) 0.09 0.08 
J x 10-" 0.23 0.10 
3 X 10-" ND" 0.13 
] X 10-8 0.52 0.15 
3 X 10- 8 1.1 5 0.76 
1 X 10-7 NG d 1.56 
3 X 10-7 ND' NG d 
" Cells were grown aerobically wi th val'ious concentrations of imid-
azoles. 
b As determined by gas-liquid chromatography. See Methods. 
< Not done. 
d No visible growth. 
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FIG 2. Gas-liquid chromatograms of sterols of S. cerevisia.e grown 
anaerobically in the presence of .miconazole ni trate. A, control; B, 1 X 
10-6 M MeN . Peaks: see Fig 1. 
2A, 2B). The resul t was what one would expect if anaerobiasis 
pl'evented cyciization of squalene thus blocking sterol biosyn-
thesis. This sterol precursor, squalene, was present at high 
concentrations in t he organisms grown anaerobically (Fig 2). 
Table III shows th e effect of MCN on growth as measW'ed 
by particle count at 24 hr (stationary phase). T he organisms 
grew to a higher stationary phase concentration aerobically 
th an anaerobically. Aerobically at concentrations of MCN 
which caused elevated lanosterol/ergosterol ratios (Table II) , 
there was a decrease in the yield of organisms. However, even 
at t he miconazole concentrations resulting in markedly de-
creased yields and elevated lanosterol/ergosterol ratios, the 
organisms . were viable as measured by t heir ability to exclude 
methylene blue (see below) . No inhibition of cell yield occurred 
anaerobically even at 1 x 10- 6 M; above this concentration there 
was no visible gr owth (Table III). 
It was only at 10- 0 M miconazole that rapid gecrease in viable 
counts occurred in aerobically growing cells and the methylene 
blue barrier begun to break down (Table IV). T his was the 
same concentration of MCN which inhibited growth of S. 
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TABLE III. Growth yields versus miconazole nitrate (MCN) 
conceno'ation" 
MCN Cone 
(M) 
o 
1 X lO- l() 
1 X 10-" 
1 X 10- " 
1 X 10- 7 
1 X 10- " 
1 X 10-" 
1 X 10- " 
Particle coun t at 24 h .-" 
Ae robic (x 107 ) 
42 
46 
37 
9.0 
0" 
0" 
0' 
0" 
Anaerobic (x 107 ) 
8.0 
6.9 
11 
8.2 
7.1 
6.8 
0' 
0" 
" Inoculum size was 10" cells/ml. 
/, In P e troff-Hauser chamber. 
,. 0 = < 1 X 10" cells/m\. 
TABLE IV. Uptake of methylene blue by miconazole-treated S. 
cerevisiae" 
% cells s ta ined 
MCN cone. 
Time (minutes)" 
(M) 10 20 30 60 
0 0 0 2 1 
1 X 10- " 1 0 3 1 
1 X 10- 7 0 2 ] 3 
1 X 10-" 3 0 0 2 
1 X 10-" 23 21 32 27 
1 X 10- 4 53 79 93 97 
" Growihg S. cerevisiae was added to fresh broth at 10" cells/ml 
under aerobic conditions. At time zero miconazo le was added at the 
indicated concentrations. 
/, Time after addit ion of drug to cul tures. 
cerevisiae under anae~obic conditions and caused profound 
permeability changes as evidenced by methylene blue assessa-
bility (data not shown) . No decrease in optical density occurred 
with extensive killing indicating that lysis was not involved. 
Similar results on methylene blue permeability occurred in 
saline suspended cells. 
DISCUSSION 
Early studies of t he m echanism of action of imidazole anti-
fungals emph asized the rapidly induced membrane damage and 
loss of viability [1,2]. More recent studies with liposome model 
membrane systems confirm a striking, rapid destructive action 
of imida'lOles on the mode~ membranes [8,9]. Especially sensi-
tive are model membranes containing free unsaturated fatty 
acids which may explain some of the selectivity of imidazole 
action [8,10]. Fungi and many gram-positive bacteria which are 
sensitive to imidazoles are rich in free fatty acids while mam-
malian cells and gram-negative bacilli which are resistant to 
imidazoles have li ttle free fatty acids. 
Several investigators have demonstrated convincingly that 
imidazoles inhibit ergosterol synt hesis in fungi by blocking C-
14 demethylation [3-5]. This resul ts in accumulation of C-14 
methyl sterol intermediates, such as lanosterol, and decrease in 
ergosterol. At concentrations as low as lO- !J M, iinidazoles may 
cause increased lanosterol/ergosterol ratios (Table II). Lanos-
terol cannot support the growth of yeast in the absence of 
ergosterol [6]. Also lanosterol with its axial C-14 'methyl group 
does not stabilize model membranes as well as cholesterol or 
ergosterol [7]. The inhibition 'of ergosterol synthesis or accu-
mulation of lanosterol may be a primary antifungal mechanism 
of the imidazoles, If so, the imidazole action would require 
growth, probably of several generations. The effect should be 
fungistatic initially although leaky membranes from sterol per-
turbations might eventually kill the organisms. The selectivity 
of the imidazoles may result from a requirement for endogenous 
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ergosterol synthesis in many fungi whereas mammalian cells 
may incorporate exogenous cholesterol. S. cerevisiae is very 
helpful for these investigations since it will inco rporate exoge-
nous ergosterol, at least, under a naerobic conditions. 
In this paper evidence is presented t hat the imidazoles, 
miconazole and clotrimazole, have 2 distinct a ntifungal activi-
ties on S. cerevisiae. In previous studies interpretation of action 
mechanisms was based on studies with either high or low 
concentrations; hence, the duality of antifungal mechanisms 
was not noted. At low concentrations they have a fungistatic 
effect which parallels t he inhibit ion of ergosterol synthesis. At 
higher concentrations they have a rapid fungic idal effect not 
related to inhibition of ergosterol biosynthesis. We observed a 
fungistatic effect of miconazole with concentrations as low as 
10- !J M (Table III) associated with increases in the lanosterol! 
ergosterol ratio (Table II) . The highest ra tio observed in these 
studies was 1.6 after 18 h.r growth in 10- 7 M c1otrimazole. These 
cells were still viable as measured by ability to form colonies 
after drug dilution a nd by ability to exclude methylene blue. 
Since t he yield of organisms decreases with concentrations of 
imidazole resulting in elevated la nosterol/ergosterol ratios it is 
llkely that membrane dysfunction is present, although not 
lethal by oW' cri teria. 
Under strict a naerobic conditions ergosterol synt hesis in 
fungi is blocked at t he oxygen requiring step of squalene cycli-
zation [6]. Wi th added ergosterol, this is t he only sterol found 
in S. cerevisiae grown a naerobically regardless of the imidazo le 
concentration (Fig 2). The MICs are high anaerobically (Table 
I) . Concentrations of miconazole which markedly decrease t he 
y ield of fungi aerobically, have no effect on the a naerobic yield 
until a concentration of 1 x 10- " M M CN (Table III). At this 
concentration and higher, there is a prompt lethal action 
marked by methylene blue permeability (Table IV). Thus, the 
rapidly lethal effect is independent of ergosterol inhibi t ion. This 
is likely the same effect of the imidazoles observed 011 liposome 
model membranes, and probably refl ects the mecha nism of 
imidazole antibacterial action (Manuscript in preparation) . 
These studies raise several questions regarding development 
and fur t her clinical lise of the imidazoles. Do all imidazoles 
possess both the demonstrated antifungal activi ties at compa-
rable concentrations? Are all fungi susceptible to both antifun-
gal effects? These studies were only done with S. cerevisiae. In 
patients with impaired host defense is it especially important 
to use an imidazole that maximizes fungi cidal action? With 
combinations of antifungal agents, a prominent membrane ac-
tion might be desira ble to foster penetration of other agents 
such as rifampin or flu cytosine. Theoretically one might expect 
that concentrations of imidazoles which block ergosterol syn-
thesis might antagonize polyene action since polyene sensit ivity 
is a function of membrane ergosterol conten t. Antagonism 
between these 2 classes of agents has been observed in Candida 
albicans [14]. 
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